Abstract: This work demonstrates the feasibility of a full duplex Radioover-fiber (RoF) link employing multi-level OFDM signal via a singleelectrode Mach-Zehnder modulator and wavelength reuse for uplink utilizing a reflective semiconductor optical amplifier (RSOA). A High spectral efficiency 5-Gb/s 16-QAM OFDM signal with frequency multiplication for the RoF downstream link is demonstrated, and negligible penalty is achieved after 25-km standard single mode fiber transmission. Furthermore, wavelength reuse for a 1.25-Gb/s OOK signal via a RSOA for the upstream link is also demonstrated with a receiver penalty of less than 0.5 dB following 25-km SMF transmission. 131-138 (2007). 14. C. T. Lin, Y. M. Lin, J. J. Chen, S. P. Dai, P. T. Shih, P. C. Peng, and S. Chi, "Optical direct-detection OFDM signal generation for radio-over-fiber link using frequency doubling scheme with carrier suppression," Opt. Express 16(9), 6056-6063 (2008). 15. V. J. Urick, J. X. Qiu, and F. Bucholtz, "Wide-band QAM-over-fiber using phase modulation and interferometric demodulation," IEEE Photon.
Introduction
The integration of optical and wireless system, i.e. the hybrid access networks, has attracted significant interest and is believed to be one of the most promising candidates for increasing the existing capacity and mobility for future access networks [1] [2] . Radio-over-fiber (RoF) systems, which utilize the huge bandwidth offer by fiber and minimizes the cost of the base station and shift the system complexity to central office, are considered to be an viable and critical technology in future broadband wireless communication system [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Since orthogonal frequency division multiplexing (OFDM) signals have been widely utilized in wireless communication due to their robustness against multipath fading and feasibility of multi-level format, it is of utmost importance for RoF systems to support the OFDM format to extent transmission distance over fiber and air links with centralized signal processing at the central office.
Due to high tolerance against fiber chromatic dispersion and polarization-mode dispersion, optical OFDM systems have recently attracted a lot of attention for high-capacity long-haul communication, multimode fiber links, and plastic optical-fiber link [6, 7, 11] . Typically, optical OFDM systems can be categorized as coherent detection (CO) or direct detection (DD) systems. For a CO-OFDM system, the optical OFDM signal is transmitted with optical carrier suppression. Therefore, a local oscillator is needed at the receiver side. Compared with the DD-OFDM system, the CO-OFDM system provides better performance and is a promising candidate for future long-haul high-capacity communication systems [12] [13] . However, phase noise and frequency offset of the local oscillator makes CO-OFDM systems very complex and unsuitable for RoF systems. For a DD-OFDM system, the optical OFDM signal is transmitted along with the carrier and can be directly converted to an electrical OFDM signal via a photodiode without a local oscillator. Therefore, DD-OFDM systems are simple and well-suited for cost-sensitive RoF systems.
Conventionally, optical DD-OFDM signals are generated based on double-sideband (DSB) or single-sideband (SSB) modulation schemes via an external Mach-Zehnder modulator (MZM) [13] . However, both DSB and SSB modulation approaches suffer from inferior sensitivities because the optical modulation index (OMI) is limited. Additionally, the DSB modulation signal undergoes performance fading due to fiber dispersion. Recently, several schemes have been developed to overcome the issues of limited OMI and dispersioninduced fading [14] . However, a sophisticated dual-parallel MZM is needed to generate DD-OFDM signals [14] .
This work presents a novel method for multi-level DD-OFDM signal generation using a single-electrode MZM based on the DSBCS modulation scheme. With the bias set at the null point, the MZM is operated in the linear region of the E-field to mitigate the nonlinear distortion caused by the high peak-to-average-power ratio (PAPR) of OFDM signals. Furthermore, a frequency multiplication scheme is employed to reduce the bandwidth requirement of the optical OFDM transmitter, which is an important issue to millimeter-wave RoF systems. Moreover, wavelength reuse is achieved for uplink signals at the base station. In this work, both a 5-Gb/s 16-QAM OFDM signal using the proposed transmitter for RoF downstream link and a 1.25-Gb/s on-off-keying (OOK) signal via a reflective semiconductor Figure 1 schematically depicts the concept of the proposed optical OFDM signal generation using a single-electrode MZM. The MZM driving signal consists of an OFMD signal at a frequency of f 1 and a sinusoidal signal with a frequency of f 2 , as indicated in insets (i)-(iii) in Fig. 1 , respectively. To achieve the DSBCS modulation scheme, the MZM is biased at the null point. Inset (iv) of Fig. 1 presents the generated optical OFDM spectrum that has two upper-wavelength sidebands (USB1, USB2) and two lower-wavelength sidebands (LSB1, LSB2) with carrier suppression at the output of the MZM. After square-law photo detection, the beating terms of USB2 × LSB1 and USB1 × LSB2 generate electrical OFDM signals at the sum frequency (f 2 +f 1 ), while the beating terms of USB2 × USB1 and LSB1 × LSB2 generate electrical OFDM signals at the difference frequency (f 2 -f 1 ).
Concept of proposed OFDM system
To provide wavelength reuse for the upstream data link at the remote node, one of generated optical subcarriers is filtered out for re-modulation via a RSOA. The remainder of the signals, which can generate two electrical OFDM signals at the sum and difference frequencies as shown in inset (vii) in Fig. 1 , is sent to wireless applications. Notably, a frequency multiplication technique (up to 2 times) can be achieved by properly choosing frequencies of f 1 and f 2 to reduce the bandwidth requirement of the OFDM transmitter, which is crucial for radio-frequency (RF) OFDM signals exceeding 40 GHz because the frequency response of a typical commercial MZM is less than 40 GHz.
Filtering out of optical subcarrier not only provides an upstream light source but also eliminates performance fading due to fiber dispersion. As presented in Fig. 2(a) , f 1 and f 2 located at frequencies of 3.7 GHz and 16.3 GHz, respectively, are used to simulate performance fading. The generated RF signal without removing LSB2 at the sum frequency of 20 GHz vanishes as the transmission length is 15 km. The reason is that there are two different sources generated the 20-GHz electrical RF signals. The cross terms of both USB2 × LSB1 and USB1 × LSB2 contribute to the power of the generated 20-GHz RF signal. After SMF transmission, the relative phase between the two generated cross-term RF signals changes with transmitted SMF length. As the relative phase is 180°, the electrical generated 20-GHz RF signal will vanish. If an optical filter is utilized to remove any of the four optical subcarriers, 20-GHz RF signal fading with transmitted SMF length can be eliminated. Fig. 2 (b) plots the experimental results. As predicted by the simulation analysis, the experimental results show the same RF fading effect.
For the wireless channel, the signal will suffer inter-symbol-interference (ISI) caused by multi-path and loss. ISI can be resolved by cyclic prefix (CP) insertion and extra loss can be compensated by increasing the RF power. However, the multi-path fading and loss will induce additional penalty depend on wireless transmission length, frequency of wireless signal, antenna gain, etc. Because this manuscript focuses on fiber chromatic RF fading of the RoF system, the properties of wireless transmission are beyond the scope of this paper. electrical signal send into the MZM is set at about 0.1 V π . The block diagram of the OFDM transmitter consists of serial-to-parallel conversion, quadrature amplitude modulation (QAM) modulation, inverse fast Fourier transform (IFFT), cyclic prefix (CP) insertion, and digital-toanalog conversion (DAC), as shown in Fig. 4 . The sampling rate and digital-to-analog converter resolution of the AWG are 20 Gb/s and 8 bits, respectively. The IFFT size is 512. A 39.0625-MSym/s 16-QAM symbol is encoded at channels 80 -111 (i.e., the subcarrier center frequency ranges from 3.125 to 4.3359375 GHz) with the remaining 480 channels set to zero.
Experimental setup
Therefore, a 5-Gb/s 16-QAM OFDM signal that has 32 subcarriers and occupies a total bandwidth of 1.25 GHz can be generated at a center frequency of 3.7 GHz as shown in inset (i) in Fig. 3 . The CP is set to 1/256 symbol time to combat fiber dispersion. After DAC, a sinusoidal signal with a frequency of 16.3 GHz is combined with the OFDM signal. The OFDM signal and the 16.3-GHz sinusoidal signal are then sent to the single-electrode MZM as shown in inset (ii) in Fig. 3 . Inset (iii) in Fig. 3 presents the generated optical OFDM spectrum at the output of the MZM that has four sidebands.
At the base station, a fiber Bragg grating (FBG) filter is employed to remove the unmodulated LSB2 for the upstream data link as shown in inset (viii) in Fig. 3 . The FBG reflection and transmission is shown in inset (iv) of Fig. 3 . The 3-dB passband and stopband bandwidth of the FBG is about 4.5 GHz center at 1554.92nm with power suppression ratio of 25 dB. The LSB2 is then modulated with a 1.25-Gb/s on-off-keying (OOK) signal via a RSOA as shown in inset (ix) in Fig. 3 . For the RSOA, the electrical bandwidth is 1.2 GHz, with −12 dBm input optical power. The bias voltage is set at 4 Volts and the driving voltage of the OOK signal is 2 Volts. After the FBG, the rest of the signal [inset (e)] is sent to photodiode, as shown in inset (v) in Fig. 3 . After square-law photo detection, a 5-Gb/s 16-QAM OFDM signal at the sum frequency of 20 GHz is generated as shown in inset (vi) in Fig. 3 . For RoF applications, this signal can be directly utilized for wireless transmission. To demodulate the signal, the OFDM signal is down-converted to 3.7 GHz by a 16.3 GHz oscillator and a mixer as shown in inset (vii) in Fig. 3 . The waveform is captured by a digital oscilloscope (Tektronix ® DPO 71254) with a 50-Gb/s sampling rate and a 3-dB bandwidth of 12.5 GHz. The block diagram of the typical OFDM receiver is shown in Fig. 4 . An off-line Matlab ® digital signal processing program is employed to demodulate the OFDM signal. This demodulation process includes synchronization, fast Fourier transform (FFT), one-tap equalization, and QAM symbol decoding. From the constellation of OFDM signal, error vector magnitude (EVM) can be obtained and then bit error rate (BER) is calculated from the measured EVM [15] [16] . Notably, filtering out LSB2 can overcome the RF fading due to fiber dispersion. If LSB2 is not removed, the experimental results show similar outcomes with simulation. Without filtering out the optical sideband, the electrical signal power become very weak due to fading and the constellation is dominated by noise. Both the OFDM spectrum and 16-QAM constellation disappear after 15-km SMF transmission as shown in Fig. 5(a) and (c). However, the OFDM spectrum and 16-QAM constellation are successfully recovered as shown in Fig. 5(b) and (d) after LSB2 is filtered out.
Experimental results and discussion
Due to the narrow linear region of the MZM, the OFDM signal is weakly modulated. Therefore, for optical DD-OFDM systems, the relative intensity between the optical unmodulated subcarrier and optical OFDM-modulated subcarrier significantly influences on the performance of optical OFDM signals [17] . One of the advantages of the proposed OFDM transmitter is that the relative intensity between optical un-modulated subcarrier and OFDMmodulated subcarrier can be easily tuned by adjusting the individual amplitude of the sinusoidal signal and OFDM signal to optimize OFDM performance. The optical power ratio (OPR) of the optical subcarrier to the optical OFDM-modulated subcarrier is defined as sub OFDM OPR= P P (1) where P sub and P OFDM are the optical powers of optical un-modulated and OFDM-modulated subcarriers, respectively. Figure 6 illustrates the receiver sensitivity of the OFDM signals versus different OPRs as optical powers of OFDM signals are normalized before detection. For OFDM signals without filtering out LSB2, the optimal OPR is around 1 dB as shown in inset (b) in Fig. 6 . However, as either LSB2 or LSB1 is filtered out, the optimal OPRs shift to 4 dB and −3 dB as shown in insets (c) and (a) in Fig. 6 , respectively. As shown in Fig. 6 , with same receiving power, because there are two copies of data received in the "without filter" conditions, it has the best back-to-back (BTB) BER performance. On the other hand, only one copy of data is received in either filtering out LS1 or LS2; therefore, they show worse BER performance. In this study, the un-modulated LSB2 subcarrier is filtered out at the base station for the upstream data link via RSOA and the optimal OPR is set at 4 dB. In BTB without equalization case, there is amplitude variation and phase offset for different subcarriers, so the radiated pattern appears. The training data is used to estimate of amplitude and phase response for different subcarriers and then equalization coefficient is calculated from response for different subcarriers. With proper equalization coefficient in frequency domain, the constellation diagram becomes clear. The constellation is still very clear after 25 km of SMF. After filtering out either LSB2 or LSB1, the generated OFDM signals do not suffer from RF periodic fading issue due to fiber dispersion. Only in-band distortion of the OFDM-encoded subcarrier caused by fiber dispersion is considered. Since the symbol rate of each subcarrier is only 39.0625 MSym/s and the CP of 1/256 symbol time is utilized, the fiber chromatic penalty can be ignored. Hence, clear constellations are observed after 25-km SMF transmission. Figure 8 shows the BTB and after transmission over 25-km SMF BER curves of the downstream 5-Gb/s 16-QAM OFDM signals using optimal OPRs. For optical downstream OFDM signals with LSB1 or LSB2 filtered out, the receiver sensitivity at a BER of 10 −9 is −13.2 dBm for the BTB case. The penalty at a BER of 10 −9 is negligible following 25-km SMF transmission. The un-modulated LSB2 is re-used for uplink data transmission and is modulated with the 1.25-Gb/s OOK signal via a RSOA. After transmission over 25-km SMF, the sensitivity penalty at a BER of 10 −9 is less than 0.5 dB as shown in Fig. 9 . Figure 9 also presents the eye diagrams of the uplink signal, the eye diagrams are observed without significant distortion.
Conclusion
With the rapid integration of optical and wireless systems, the OFDM format is particularly attractive for the hybrid system due to its resistance to multipath fading and feasibility of multi-level format. It is of utmost important for the RoF system to support the OFDM format to reduce the cost and complexity of the system. The proposed architecture utilizes a costeffective single-electrode MZM based on DSBCS modulation scheme. The frequency multiplication (up to 2 times) with a carrier suppression technique is achieved to reduce the bandwidth requirement of OFDM transmitter. A highly spectral efficiency 5-Gb/s 16-QAM OFDM signal is successfully generated and transmitted over 25-km SMF with negligible sensitivity penalty. Furthermore, wavelength reuse for uplink data transmission via a RSOA is also demonstrated with a penalty of less than 0.5 dB.
